Colorless needles of Ga 2−x Sc x O 3 (x = 0.83) were isolated during the crystal growth of La 3 Ga 3 Sc 2 O 12 in a K 2 WO 4 flux. The structure was refined from X-ray single-crystal data: β -Ga 2 O 3 type, C2/m, Z = 4, a = 12.716(4), b = 3.1566(6), c = 5.928(5)Å, β = 102.57(3) • , V = 232.2Å 3 , wR2 = 0.0618, 429 F 2 values, 32 variables. The structure is based on infinite double chains of edge-sharing Sc/GaO 6 octahedra running along the b axis. The GaO 4 tetrahedra connect these chains by sharing corners and form a three-dimensional framework. The oxygen atoms form a distorted ccp pattern. The 45 Sc NMR spectra confirm the presence of a single scandium site, while 71 Ga NMR data clearly prove the partial occupancy of the scandium site by gallium atoms. The nuclear electric quadrupolar parameters of 45 Sc and 71 Ga are discussed in relation to the crystallographic atomic environments.
Introduction
The sesquioxides Al 2 O 3 , Ga 2 O 3 , Sc 2 O 3 , and In 2 O 3 find broad technical application. Al 2 O 3 is a widely used abrasive and crucible material and an excellent material for electronic substrates. Tin-doped In 2 O 3 (ITO) finds application in diverse transparent electrode materials of solar cells and opto-electronic devices. β -Ga 2 O 3 (direct band gap of ca. 5 eV) has also been widely tested as a transparent electrode material. Sc 2 O 3 produces high-index film layers that are transparent to wavelengths as short as 225 nm in the UV region. Such Sc 2 O 3 films are insoluble and hard. Their high refractive index value makes them preferred materials for diverse optical coatings.
The four oxides have multiple cation sites, and solid solutions with two different trivalent cations are possible. Ordered structures have been reported for ScAlO 3 [1] and ScInO 3 [2, 3] . In the course of our systematic 45 Sc solid-state NMR spectroscopic investigations of intermetallic [4] and oxidic [5, 6] scandium compounds, we were interested in the solid solution Ga 2−x Sc x O 3 .
The phase equilibrium diagram of the quasibinary system Sc 2 O 3 -Ga 2 O 3 was first determined by Schneider and Waring [7] . They reported the existence of two 0932-0776 / 11 / 0100-0014 $ 06.00 c 2011 Verlag der Zeitschrift für Naturforschung, Tübingen · http://znaturforsch.com binary phases: (i) 6Sc 2 O 3 · 5Ga 2 O 3 with orthorhombic symmetry (a = 13.85, b = 9.80, c = 9.58Å) and (ii) a phase called 'Uss' which is a solid solution that exists from 55 to 73 mole percent Ga 2 O 3 at the solidus. Its compositional range of stability decreases to 61 mole percent Ga 2 O 3 at 1440 • C. Later MacDonald et al. reinvestigated the 'Uss' phase and obtained a powder pattern identical to that reported by Schneider and Waring and concluded that the 'Uss' phase is ideally GaScO 3 [8] . These authors grew single crystals from a Bi 2 O 3 flux and determined the orthorhombic symmetry with lattice parameters of a = 3.11, b = 18.92 and c = 7.33Å. Based on a comparison of the powder patterns, MacDonald et al. noted some similarities with monoclinic β -Ga 2 O 3 [9, 10] , however, no complete structure determination was performed. Recently, Kuz'micheva et al. were able to grow single crystals of this phase by the Czochralski method starting from an equimolar mixture of Sc 2 O 3 and Ga 2 O 3 [11] . The authors noticed a variation of the composition Ga 2−x Sc x O 3 (0.42 ≤ x ≤ 0.52) along the growth direction of the crystal as well as radially. Most of the diffraction peaks of the powder pattern obtained from crushed single crystals were indexed with a monoclinic β -Ga 2 O 3 -type cell [4] . Additional weak reflections were ascribed to superstructure formation due to an ordering of Sc and Ga on the octahedral sites of the β -Ga 2 O 3 structure. A preliminary structure refinement led to a structural model for Ga 1.5 12 powder, and (iii) a non-identified phase (powder). The powders were removed by re-suspending the solid product in a large test tube using acetone. The test tube was sonicated in an ultrasonic cleaner for 1 min and then allowed to stand for 30 s. During that time the crystals of Ga 2−x Sc x O 3 (x = 0.83) settled to the bottom of the test tube. The supernatant, containing the fine powder in suspension, was then decanted into another beaker. This process was repeated several times until the supernatant over the Ga 2−x Sc x O 3 (x = 0.83) crystals was clear. Pure Ga 2−x Sc x O 3 (x = 0.83) samples were then prepared by a ceramic route starting from a stoichiometric mixture of Ga 2 O 3 and Sc 2 O 3 . Two pellets were made and heated at 1400 • C for 60 h. One was cooled slowly to r. t., and one was quenched in water from 1400 • C.
EDX data
Semiquantitative EDX analyses of many crystals including the one investigated on the diffractometer (Fig. 1) were carried out with a Leica 420i scanning electron microscope with GaP and Sc as standards. The experimentally observed compositions were close to the ideal one.
X-Ray diffraction
The polycrystalline samples were characterized by Guinier patterns (imaging plate detector, Fujifilm BAS- 1800) with CuK α1 radiation and α-quartz (a = 4.9130, c = 5.4046Å) as an internal standard. Using the cell parameters obtained by single-crystal diffraction, a full pattern matching refinement was performed with the JANA2006 program package [12] . The background was estimated by a Legendre function, and the peak shapes were described by a pseudo-Voigt function ( A crystal suitable for single-crystal X-ray diffraction was selected on the basis of the size and the sharpness of the diffraction spots by Laue photographs on a Buerger camera (using white Mo radiation). The data collection was carried out at room temperature on a Stoe IPDS II diffractometer using MoK α radiation. Data processing and all refinements were performed with the JANA2006 program package [12] . A Gaussian-type absorption correction was applied, and the shape was determined with the video microscope of the Stoe CCD camera. Details of the data collection and crystallographic parameters are summarized in Table 1 .
Structure refinement
The extinction conditions observed for the Ga 2−x Sc x O 3 (x = 0.83) crystal agree with the space groups C2/m, C2, and Cm. The structure was solved using the centrosymmetric space group C2/m and the atomic positions of β -Ga 2 O 3 [9] . The scandium and the gallium atoms were set in the octahedral and tetrahedral sites, respectively. The refinement of all the atomic positions and the isotropic displacement parameters led to the residual factors R(F)/wR(F 2 ) = 0.0461 / 0.1027 and a goodness of fit of S = 1.72 for 16 parameters and 432 reflections. With anisotropic displace- ment parameters for all positions, the residual factors converged to R(F)/wR(F 2 ) = 0.0391 / 0.0839 and S = 1.43 for 32 refined parameters. This led to the ideal composition GaScO 3 . Refinement of the Ga and Sc occupancies showed a significant deviation from the ideal value for the 
Solid-state NMR spectroscopy
45 Sc magic-angle spinning (MAS) NMR spectra were recorded at ambient temperature at resonance frequencies of 97.176 MHz on a Bruker DSX-400 spectrometer, using a 2.5 mm MAS NMR probe operated at a rotation frequency of 20 -25 kHz. Spectra were recorded using a single pulse acquisition with a 0.5 µs pulse length and a recycle delay of 2 s. The 45 Sc NMR resonance shifts are referenced to 0.1 M scandium chloride aqueous solution. Simulated lineshapes were obtained using the DMFIT program [13] . 71 Ga NMR spectra were obtained on a Bruker Avance III 300 spectrometer at 91.57 MHz. Spin echo trains generated via a Q-CPMG pulse sequence [14] , θ − τ 1 − 2θ − [τ 2 − 2θ − τ 2 ] n (n = 160), were acquired at a 71 Ga nutation frequency of 71 kHz, using a flip angle θ of 38.5 • . 1000 echo trains were co-added, using a recycle delay of 10 s. Subsequent Fourier transformation of these echo trains yielded a "spikelet pattern", the overall envelope of which corresponded to the static NMR lineshape. In the present case, the overall spectral intensity is distributed over an extremely wide spectral region. The position of the carrier was systematically varied from +2000 to −2000 ppm in thirteen 30-kHz steps. The total lineshape was then synthesized by superimposing all of the spikelet spectra obtained at the different carrier frequencies and simulated using the DM-FIT software. Resonance shifts are given relative to a 1 M Ga(NO 3 ) 3 solution. Theoretical electric field gradient calculations were conducted using the WIEN2k package [15] employing the prodecure and parameters described in [16] . The R(MT) parameters were 1.99, 1.68 and 1.68 a. u. for Sc, Ga and O, respectively, and a separation energy of −8.0 Ry was used.
Results
The structure of Ga 2−x Sc x O 3 (x = 0.83) is isotypic with β -Ga 2 O 3 [9, 10] . The monoclinic β -Ga 2 O 3 structure contains two crystallographically non-equivalent gallium and three oxygen sites, all of them located at 4i (x, 0, z) positions. The structure is based on infinite double chains of edge sharing Sc1/Ga1O 6 octahedra running along the b axis. The Ga2O 4 tetrahedra connect these chains by sharing corners and form a three-dimensional framework (Fig. 3) . The oxygen atoms show a distorted ccp pattern. The partition of Sc 3+ and Ga 3+ onto octahedral and tetrahedral sites is in line with the difference in the ionic radii [17] of 0.61Å (Ga 3+ for coordination number 4) and 0.885Å (Sc 3+ for coordination number 6). The Sc1/Ga1 mixing can be rationalized, since the ionic radii of Ga 3+ and Sc 3+ for coordination number 6 are similar. Fig. 5 shows the static 71 Ga spikelet NMR spectrum of this compound. The envelope can be simulated successfully as a superposition of two static spectra, in an approximate ratio of 86 : 14 (see Fig. 5 ), which is in excellent agreement with the information from the crystal structure. Table 5 summarizes the values of the nuclear electric quadrupolar coupling con- stant C Q , the electric field gradient asymmetry parameter η and isotropic chemical shift values δ CS as they were extracted from the simulation yielding closest agreement with the experimental data. For the tetrahedral Ga(2) site, the experimentally measured electric field gradient parameters are in good agreement with theoretically calculated values. Furthermore, the chemical shift deduced for this site falls into the general shift range published for tetrahedral gallium sites [18] . For the octahedrally coordinated Ga(1) site, the chemical shift also falls into the range of shifts previously published for octahe- drally coordinated gallium species in crystalline inorganic oxides [18] .
Discussion
The 45 Sc NMR results are in good agreement with the single-crystal X-ray diffraction data, which show that the scandium ions are solely located on octahedral sites. The octahedra are slightly distorted with three short and three normal Sc1-O distances or three normal and three stretched Ga1-O distances ( Table 4) . The average Sc1/Ga1-O distance of 2.105Å is slightly shorter than 2.145Å and longer than 2.02Å, the sum of the ionic radii of Sc 3+ and O 2− , and of Ga 3+ and O 2− , respectively [17] . The calculated BVS value of 3.04 is in very good agreement with the expected 3+ value for Sc [19, 20] , however, Ga1 on this site is underbonded with a BVS value of only 2.20. Indeed, the octahedral site is predominantly occupied with scandium, which is slightly bigger than gallium (vide supra). The Sc-O distances are similar to those in Sc 2 O 3 (2.08 -2.16Å) [21, 22] .
The scandium-oxygen polyhedra of Ga • with an average O-Ga2-O value of 109.5
• . The average Ga2-O distance of 1.851Å is in good agreement with the expected value of 1.85Å [17] . These values are very similar to those reported for β -Ga 2 O 3 ( Ga-O = 1.844Å and O-Ga-O = 109.42
• ) [9] . The calculated BVS value of 2.884 shows that Ga2 is only slightly under-bonded. The strongly distorted gallium environments manifest themselves in an unusually large quadrupole coupling constant, which is comparable to that measured in β -Ga 2 O 3 [18] . In contrast, the octahedral gallium species situated on the Sc1 sites have more symmetrical local environments, which facilitate their detection by 71 Ga NMR despite their low concentration. To compare the experimental quadrupolar coupling parameters for the six-coordinated gallium site in Ga 1.17 Sc 0.83 O 3 with a theoretical prediction, C Q values were calculated by scaling the WIEN2k value obtained for 45 Sc with the ratio of the nuclear electric quadrupole moments of 71 Ga and 45 Sc. The agreement between experimental and calculated data is only moderate in this case, indicating that the Sc1 site, when occupied by Ga 3+ , is locally distorted to a significant extent. This finding can be rationalized by the small difference in the ionic radii between Sc 3+ and Ga 3+ .
In order to compare our results with previous work, Table 6 summarizes all the important data related to the different compositions studied in the ScGaO 3 -β -Ga 2 O 3 system. One can conclude that the chemical composition of our crystal is in very good agreement with the evolution of the cell parameters. Indeed, since scandium is slightly bigger than gallium, the substitution of gallium for scandium induces an increase of the cell parameters. From the evolution of the cell parameters one might estimate those of ScGaO 3 , the theoretical end member of this ScGaO 3 -β -Ga 2 O 3 system (C2/m, a = 12.808, b = 3.178, c = 5.954Å, β = 102.39 • , V = 236Å 3 ). Experimentally, Schneider and Waring reported Ga 1.1 Sc 0.9 O 3 as the end member [7] . These results are very similar to those of Ga 1.2 In 0.8 O 3 [24] , indicating that a total substitution of gallium for scandium or indium in the octahedral site of the β -Ga 2 O 3 type induces a destabilization of the structure. Indeed, there is no AGaO 3 compound crystallizing with the monoclinic β -Ga 2 O 3 type. Most AGaO 3 compounds crystallize with perovskite-related structures.
